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ABSTRACT
The Mre11 complex (Mre11, Rad50 and Nbs1) occupies a central node of the DNA damage response (DDR) network, and is required for ATM activation in response to DNA damage. Hypomorphic alleles of MRE11 and NBS1 confer embryonic lethality in ATM deficient mice, indicating that the complex exerts ATM independent functions that are essential when ATM is absent. To delineate those functions, a conditional ATM allele (ATM 
INTRODUCTION
The maintenance of genome stability and suppression of malignancy depend on the DNA damage response (DDR), a network of pathways comprising signal transduction, cell cycle regulation, and DNA repair (1) . The Mre11 complex, composed of Mre11, Rad50 and Nbs1, plays a central role in the DDR. In addition to sensing DNA double strand breaks (DSB) and promoting DNA repair, the complex is required for Ataxia-telangiectasia mutated (ATM) kinase activation and signaling to govern DNA damage checkpoints and apoptosis (2) .
Ataxia-telangiectasia (A-T) and Nijmegen breakage syndrome (NBS) are two distinct, but related single gene disorders caused by mutation in ATM and NBS1, respectively. A-T and NBS patients share several clinical and cellular phenotypes characterized by immunodeficiency, sterility, radiosensitivity and cancer predisposition (3, 4) . These phenotypic similarities highlight the functional relationship between the Mre11 complex and ATM.
ATM and the Mre11 complex are involved in specialized DSB-repair mechanisms including V(D)J recombination, class-switching (2, 3, 5) . Most of the studies concerning the role of the Mre11 complex in these processes rely on effects observed upon deletion of one of its subunits (6) (7). However, it is conceivable that abnormal cell cycle progression, proliferation and increased mortality consequent to Mre11 complex ablation have impeded an appropriate characterization of its influence, as well as its relationship with ATM, in the repair of physiological breaks.
Despite phenotypic similarities between the Mre11 complex and ATM mutants, and the requirement for the Mre11 complex to activate ATM, several lines of evidence indicate that the Mre11 complex exerts ATM independent functions. First, ATM null mice are viable, whereas loss of any subunit of the Mre11 complex is lethal in cultured cells and in vivo (4) . Second, ATM deficiency is synthetically lethal with Mre11 complex hypomorphic mutations (Nbs1 ∆B and Mre11
ATLD1
) (8) (9) (10) . We consider two nonexclusive possibilities for the embyronic lethality observed. First, reduction of checkpoint functions ensuing from ATM deficiency may be lethal in combination with DNA repair defects associated with Nbs1 hypomorphism. Second, the Mre11 complex may influence ATM independent DDR signaling. In this scenario, a decrement in ATR or DNAPKcs activation may be incompatible with the viability of ATM deficient embryos.
Recent data suggest that the Mre11 complex may influence the activation of ATR (11, 12) . These data predict roles for the Mre11 complex in the cellular response to DNA replication stress, which is mediated predominantly by ATR, in addition to its role in activating ATM in response to DNA damage (13, 14) . However, the significance of Mre11 complex-dependent regulation of ATR has not been assessed in vivo. Here we crossed a conditional ATM mutant, ATM flox (15) Mice were housed in ventilated rack caging in a pathogen-free facility and genotyped by PCR (details upon request).
Cell purification and culture
Murine embryo fibroblasts (MEFs) were generated, cultured and immortalized as described (41) . SV40 immortalized Nbs1
∆B/∆B

Atm -/-
MEFs were generated from Cell proliferation by SNARF labelling was performed as described (44) .
Germline transcripts were analysed as described (45) .
For the analysis of switch junctions, genomic DNA was prepared from B cells stimulated with αCD40/IL-4 for 72 h. Sμ-Sγ1 junction DNA was amplified by PCR (38 cycles) using Sμ and Sγ1 primers (46) . The PCR products, which spanned from 1-2 kb, were gelextracted, cloned, sequenced and analyzed as previously described (44) .
Immuno-FISH was carried out as previously described (47) .
FISH probes
We detected the 3′ end of the IgH locus using BAC199 and the 5′ end using BAC207 (a gift of Fred Alt lab, Howard Hughes Medical Institute, The Children's Hospital, Boston).
BAC 97L3 and BAC 307011 that mark either side of the CFS were used for Fra8E1.
Chromosome analysis and fluorescence in situ hybridization (FISH).
Chromosome spreads preparation from splenocytes and SV40 immortalized MEFs were performed as previously described (41) . Briefly, cells were incubated in 50 ng/ml colcemid (KaryoMAX, GIBCO), harvested, hypotonically swelled with 0.075 M KCl for 15 min at 37°C, fixed, washed in ice-cold 3:1 methanol:acetic acid, and dropped on slides. Slides were stained with 5% Giemsa (Sigma) for 10 min and rinsed with distilled water, and coverslips were mounted with Permount (Fisher). Images were captured using an Olympus IX60 microscope and imaged with a Hammamatsu CCD camera.
More than 50 spreads were scored for each sample. Two-Color FISH was performed as described (23) .
Spectral karyotyping
Metaphases from thymic lymphomas were obtained as described (48) . Spectral karyotyping was performed per instructions (Applied Spectral Imaging, ASI). Slides were examined with a BX61 microscope (600x magnification) from Olympus controlled by a LAMBDA 10-B Smart Shutter (Sutter Instrument). Images were captured using a LAMBDA LS light source (Sutter) and a COOL-1300QS camera (ASI), and analyzed by Case Data Manager Version 5.5 (ASI).
Thymocyte apoptosis
Thymi were harvested in 10 ml of RPMI/3% FCS from 6-to 9-week-old animals, and (50)), GAPDH (6C5, Millipore) and Smc1 (Cell Signaling).
RESULTS
To define ATM independent functions of the Mre11 complex, we established Nbs1 Fig. 2B and Supplementary Fig. 2A ). These data suggest a temporal effect on T cell development at the transition from the DN to DP stages. (Fig. 3A) . These differences were not attributable to variation in proliferation rates, apoptotic index, or to defects in switch region transcription and AID induction (17) (Supplementary Fig. 3A-3D ).
DNA-repair defects in
ATM inhibition in Mre11
To examine DSB rejoining directly, we performed a two-color FISH analysis with probes specific for sequences upstream of the Igh variable domain (5' Igh, labeled for green signal), and sequences immediately downstream of the Igh constant region exons (3' Igh, labeled for red signal) (23) . In this experiment, unbroken chromosomes 12 exhibit closely spaced green and red signals, whereas unresolved or improperly resolved DSBs appear as separated green and red "split signals" (Fig. 3D i, ii, iii) manifest in three outcomes: liberation of a small telomeric fragment (green in Fig. 3 Diii); translocation between chromosome 12 telomeric fragment (that contains the 5' Igh green probe) and another chromosome ( Fig. 3 Dii) ; translocation of a centric chromosome 12 (carrying the red signal) with another centric chromosome to form a dicentric chromosome (red signal between two fused chromosomes in Fig. 3 (Fig. 3B, 3C and Supplementary Fig. 3E ).
This apparent defect in DSB rejoining was accompanied by increased usage of microhomology at the residual switch region junctions that did form. The majority (15%) of the junctions in the double mutant had microhomology length of ten nucleotides or more, roughly two fold higher than all other genotypes ( Fig. 3E and Supplementary Fig.   3F ). These data clearly indicate an additive defect in the repair of DSBs induced to initiate immunoglobulin class switch recombination in Nbs1 Fig. 4C and Supplementary Fig. 4B ). Chromosome fragility was associated with a three fold increased staining of 53BP1, a marker for DNA breaks, in double mutant cells (7%) compared to single mutants (average of 2.2%) (Supplementary Fig. 4D ).
Genomic instability in
Consistent with the gross level of instability observed karyotypically, 15% of Nbs1 (Fig. 4D) . These data clearly indicate that ATM deficiency combined with Mre11 complex hypomorphism results in severe DSB repair deficiency.
ATR function in Nbs1
∆B/∆B
Atm -/-VAV cells
An alternative, and non-exclusive interpretation for the phenotypic synergy observed was based on potential role of the Mre11 complex in the activation of ATR (11, 12) . In this scenario, the severity of the phenotype observed would reflect concomitant impairment of both the ATM and ATR arms of the DDR network.
To address this possibility, we assessed aphidicolin-and CPT-induced phosphorylation of Chk1 on Ser345, both of which depend on ATR (24) . Use of ATR-45, an ATR inhibitor (12) provided evidence that Chk1 phosphorylation was dependent on ATR after aphidicolin-and CPT treatment ( Fig. 5A and Supplementary Fig. 5A ). In WT cells, Chk1 phosphorylation was evident at 1 h and decreased 5 h after treatment. Aphidicolin treatment causes instability of common fragile site (CFS). The frequency of that outcome is heavily dependent upon ATR and Chk1 (27, 28) .
Therefore, we assessed CFS stability in Nbs1 (29)) was analyzed by a two-color FISH assay analogous to that used for CSR (Fig. 3Ci) using DNA probes adjacent to the Fra8E1 fragile site. Chromosome breakage was indicated by the appearance of separated green and red signals (Fig. 5Ci and 5Cii) , consistent with the view that fragile site induction by aphidicolin is ATM independent (27) (Fig. 5C ). Aphidicolin induced breakage at other loci as well ( Supplementary Fig. 5C ). Collectively, these data suggest that CFS stability is compromised in Nbs1 suggests that the Mre11 complex may also contribute to its stability in an ATM proficient setting. Our data raise the possibility that the Mre11 complex-dependent protection of CFS is attributable to a function independent on both ATM and ATR. Fig. 6 ), but spectral karyotype analysis (SKY) revealed a highly complex genome rearrangements in Nbs1
Highly penetrant lymphomagenesis in
, many of which were clonal in the tumor (Fig. 6C) . This outcome is consistent with the observation of gross chromosomal instability in Nbs1
DISCUSSION
Hypomorphic mutations of the Mre11 complex confer embyronic lethality in the context of ATM deficiency (8, 10) . These observations indicate that in addition to being required for ATM activation, the Mre11 complex specifies ATM independent functions. That these functions are essential to embryonic viability suggests that the Mre11 complex normally mitigates pathologic outcomes of ATM deficiency.
In this study, we examined the ATM independent functions of the Mre11 complex (Fig. 3D) . Recent data regarding the influence of 53BP1 and Rif1 on DSB resection suggest a possible mechanistic basis for this outcome. ATMdependent phosphorylation of 53BP1 induces the recruitment of Rif1 to DSBs and to dysfunctional telomeres. This event likely underlies the inhibitory effect of 53BP1 on DSB resection. Because resected DSB ends are poor substrates for NHEJ, inhibition of resection by 53BP1 and Rif1 effectively promotes NHEJ (33) . The effect of ATM deficiency on CSR may partially reflect the failure to inhibit resection of AID-induced DSBs. Similarly, the Mre11 complex has been implicated in promoting NHEJ at dysfunctional telomeres (34) , as well as in NHEJ during CSR and VDJ recombination (Fig. 3A) (5, 7, 19, 35) . Although in those contexts, defects in NHEJ-mediated rejoining must at least partially reflect a decrement in ATM activation associated with Mre11 complex hypomorphism, the additive defects in Nbs1 (Fig. 2, 4B and Supplementary Fig. 4C ).
Because the Mre11 complex is involved in DSB repair mediated by homology directed Consequently, the simplest explanation for this result is that ATR function is impaired in 
